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2SYNOPSIS
Hydrostatic bearings have been the subject of many theoretical 
and experimental investigations. Some investigations have 
confirmed that increasing the speed of rotation of a hydrostatic 
thrust bearing reduces the load carrying capacity. Previous 
theoretical predictions of the pressure distribution, during 
rotation, have not taken into account the radial inertia effects, 
with the result that the predicted values of pressure near 
the vicinity of the air inlet, have been much higher than those 
measured under test.
In this investigation radial and rotational inertia effects have 
been considered theoretically and experimentally for both 
'parallel* and 'stepped* bearings using air as the lubricant. The 
relevance of compressibility has also been assessed.
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9SYMBOLS
Symbols which only arise once, are defined in the text, and 
are not listed.
D disc diameter (D = 2r2)
F total load capacity
Q volume flow rate
R dimensionless radius (£)h
T lubricant temperature
U X W representative velocities
RDl ri/r2
RD3 r 3/r2
Ki inertia parameter -----------
560TT2h 2pr2 2
K2 inertia parameter 3pQ2r22
Rn
20p
Re Reynolds number
Reynolds number [£ («1) 2hu] see page (46 )
Vr Vz Vq velocity components in the r, z, 9 directions
Vr Vg Ve velocity ratios
R gas constant
p pressure
2h gap between parallel discs
r, 0, z cylindrical co-ordinates
rj reference radii
r2 outside radius of bearing
r3 radius of step
2 r
r 1 radius ratio
D
p mean pressure across the air gap between discs
I O
mean pressure at reference radius ri 
mean pressure at radius r2
mass flow rate
4-ua I • .film thickness in recess,film thickness ratio ( :— :----- -^-r-=-----— :-------)
minimum film thickness
rotational speed
co-efficient of dynamic viscosity 
density
FIG. I. ARRANGEMENT OF TEST APPARATUS .
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CHAPTER 1
GENERAL NOTES ON GAS BEARINGS
1.01 Gas bearings have been in existence for many years and
their use is increasing due to the many advantages they have to 
offer. They can be operated at very high and very low temper ­
atures. At the upper end of the scale the expectation is that 
some devices may be called upon to function at 1100-1700°C, while 
at the lower end of the scale this could mean -260°C. Gas is the 
only known lubricant that could possibly be used for such 
extremes of temperature, and even with this form of lubrication 
care should be taken over possible condensation at low temp ­
eratures.
Extremely high rotational speeds are possible because there is
i
no serious problem in keeping the bearing cool. Ultrafuges 
using hydrostatic step bearings have been operated at speeds in 
excess of 1700 rev/sec. In 1962 there evolved the air turbine 
dentral drill operating at 8500 rev/sec. Drilling spindles oper ­
ating at 1700 rev/sec are used in the precision drilling of 
electronic printed circuit boards. A small high-speed expansion 
turbine for liquefying helium, developed by the British Oxygen 
Co. Ltd. (19), operates at 6000 rev/sec. The bearings, in this 
unit are lubricated by helium gas at a temperature between -260°C 
and -223°C.
Gas has an inherent low viscosity, resulting in small frictional 
forces giving a low power loss. Large structures have been 
floated successfully on hydrostatic-type bearings. The Hale
13
200 inch telescope on Mount Palomer has a mass of 453Gg, yet the 
coefficient of friction for the entire supporting system is claim­
ed to be less than 0.000004. Hydrostatic bearings are currently 
being applied to large radio telescopes and radar antennae.
There are two fundamental types of air bearing, the hydrodynamic 
bearing and the hydrostatic bearing. The hydrodynamic bearing 
relies on the lubricant being continuously forced through a 
converging gap, or in the case of thrust bearings, a series of 
converging gaps, in order to generate a force of sufficient 
magnitude to overcome the applied load. With this type of 
bearing the viscosity of the lubricant is of paramount importance 
in determining the load capacity. The viscosity of air is about 
4000 times less than an S.A.E. 10 oil, therefore there are few 
applications for air bearings of this type.
%
Hydrostatic air bearings rely on an external supply of high 
pressure air for their operation. The continuous air flow 
prevents metal to metal contact within the bearing, when the 
bearing is at rest, and when it is rotating at low speed; thus 
eliminating wear which is a troublesome feature of all hydro- 
dynamic bearings. This thesis is concerned only with hydrostatic 
thrust bearings.
In practice, a loaded thrust bearing takes up a position such that 
the thrust due to the distributed pressure across the active faces 
of the bearing just balances the applied load. The gap between 
the two bearing surfaces changes to accommodate changes in the 
applied load, with an increase in load producing a decrease in the 
bearing gap. If, for a given mass flow rate of air, the applied
load is too great, the two halves of the bearing will touch and 
failure due to seizure could result. If the flow rate is 
excessive the bearing will operate satisfactorily but power will 
be wasted in pumping more air through the bearing than is actually 
required. It is also known that increasing the speed of rotation 
of a loaded thrust bearing causes the bearing * gap' to reduce.
A designer will need to know how the following parameters are 
related in determining the load carrying capacity of a hydrostatic 
thrust bearing; mass flow rate, air viscosity, air density, gap 
size, speed of rotation, bearing size and pressure distribution. 
The object of this project was to establish how the above 
parameters are related, confirming the derived theory by means of 
a thrust bearing of fixed overall dimensions. Theoretically the 
following sections have been considered:
(i) The ’formation of an expression for pressure distribution, 
which embraces radial and rotational terms, for both
1parallel-1 and 1 stepped* bearings, for incompressible 
flow.
(ii) Expressions for the radial flow velocity, and the axial 
flow velocity, were derived and used to show graphically 
the influence of .rotation on the axial and radial 
velocity profiles.
(iii) Compressibility was taken into account and its influence 
on the theoretical pressure distribution for a thrust 
bearing was considered.
Theoretical and experimental results have been compared graphic ­
ally, and computer programs have been used to convert the results 
to non-dimensional form.
REVIEW OF PREVIOUS LITERATURE
1.02 Radial inertia effects only, in stationary boundaries.
Brand (1) investigated theoretically the relative importance of 
the viscous term compared with the radial inertia term in the 
Navier-Stokes equation and demonstrated by order of magnitude 
arguments that inertia forces are not negligible, when a suitably 
defined Reynolds number was sufficiently large.
The problem of radial flow between two parallel stationary 
surfaces has been dealt with by Livesey (2). He suggested that 
inertia effects may be significant at low fluid velocities and 
that this could bring about a change in the sign of the radial 
pressure gradient. (This type of condition being most likely to 
occur in the vicinity of the *.air inlet, when there was a large 
bearing gap width.) Livesey derived an expression that predicted 
the pressure distribution in terms of the volume flow rate, fluid 
density, gap width and reference radii. The expression contained 
a term due to the inertia effects, in addition to the well 
established viscous term.
Morgan and Saunders (3), using compressed air, confirmed 
experimentally that the viscous term alone could not predict the 
pressure change between two radial points in the path of the air 
flow. The inclusion of Livesey*s inertia term only partly 
corrected the error existing when the viscous term alone was used.
15
Jackson and Symmons (4) extended the power series analysis of Hunt 
and Torbe (5) to include an inertia term. The solution derived 
by Jackson and Symmons showed the inertia effect to be 23 per 
cent greater than the inertia effect predicted by Livesey.
Moller (6) considered the analysis of radial flow without swirl, 
between parallel discs using air at incompressible speeds. 
Approximate solutions were obtained for turbulent and laminar 
pressure distributions, using an integral momentum method. He. 
was able to confirm these results experimentally. Moller showed 
that it was possible for the flow to be turbulent throughout the 
channel, provided that the channel exit Reynolds number was large 
enough. In order to achieve turbulence, high flow rates were 
necessary, and this was facilitated by using a large inlet jet 
diameter.
Jackson and Symmons (7), in 1964, investigated experimentally 
the principal theories predicting the pressure distribution for 
laminar flow between parallel plates. The apparatus they used 
was designed with an air inlet jet diameter much smaller than that 
used by Moller; this resulted in a relatively low flow rate, which 
ensured that the flow was non-turbulent at all radii, except, 
possibly, a small area immediately adjacent to the air inlet. They 
found that the various theoretical analyses gave widely differing 
results. All the theoretical results predicted higher values 
than those shown by experimental results, for all radii, except for
p
a small area in the vicinity of the air inlet. Jackson and 
Symmons proposed that further investigation was needed before a 
closer correlation between theoretical and experimental results 
could be expected, particularly for bearings where the central
16
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inlet jet was small in diameter.
The relative importance of the basic terms in the Navier Stokes 
equation, including the compressibility term, has been considered 
by Hobson and Lawrie (8). As well as a theoretical analysis, 
their work included an experimental investigation of the radial 
flow of air between stationary parallel circular plates. First 
they considered the problem of incompressible flow. .Starting 
with the Navier Stokes equation, and using a transverse velocity 
profile in parabolic form, they obtained an expression which 
included pressure, inertia and viscous terms. Their expression 
was the same as that obtained by Livesey. By considering the 
inertia and viscous terms only, they were able to obtain an 
estimate of their significance by determining a parameter Kj_, 
inertia term/viscous term.
*
Next, using the Characteristic equation for a perfect gas, the
transverse velocity profile, Vr , was written in a form applicable
to compressible flow. The first and second partial derivatives 
3 V 3 ^ V(-7r-21) and (-z— j7-) were evaluated and substituted in the Navier 3r 3r
Stokes equation, which included the compressibility term. The 
partial derivatives (-£) and were determined graphically
from the experimental pressure distribution. Parameters, Kc , 
inertia term/viscous term and 3/ compressibility term/viscous 
term,.were evaluated and the results for various flow rates, and 
flow gap thicknesses analysed. Hobson and Lawrie found tWat for 
their particular series of tests, -t-hat> the significance of the 
viscous and radial inertia terms, based on compressible and 
incompressible theory, given by Kc and K-^  respectively, differed 
by less than one per cent. Their investigation did not allow for
18
bearing rotation.
1.03 ROTATIONAL INERTIA EFFECTS IN ROTATING BOUNDARIES
Osterle and Hughes (9) considered theoretically the effect of 
lubricant inertia in hydrostatic thrust bearings, with a single 
central recess, at normal operating speeds, using both compress ­
ible and incompressible lubricants. In the case of incompressible 
lubricants, the inclusion of a rotational inertia term reduced 
the error in load capacity that would be experienced if the 
viscous term alone was used. They calculated that the same 
effect would occur with compressible lubricants where the recess 
pressure was low, but that this effect would decrease as the 
recess pressure increased.
Dowson (10) produced an analysis which included an inertia term 
*
associated with the effect of rotation on the pressure distribution 
in a hydrostatic thrust bearing with a single central inlet. This 
theory included a solution for a similar bearing with a central 
recess. (Dowson*s rotational inertia term was the same as that 
derived by Osterle and Hughes.) From-the formation of the 
continuity term he concluded that for a ‘static' parallel surface 
bearing the flow is entirely radial, but with rotation there is an 
axial component present which causes the 'fluid1 to move towards 
the moving surface as it spirals between the bearing surfaces. 
Theoretically, it was found that rotation reduces the load 
carrying capacity of a hydrostatic thrust bearing. Dowson's 
analysis did not include an inertia term due to radial effects.
Experimental work by Coombs and Dowson (11), using oil as the
tyy&cLlum
lubricating •i$te^ *ar/ confirmed the general theory of Dowson' s 
earlier work. The best correlation between experimental and 
theoretical results were obtained when thermal effects were small.
H.N. Shirman (12), using the basic theory proposed by Dowson, 
obtained an expression for the dimensionless pressure 
distribution for a hydrostatic thrust bearing with a single central 
inlet. Using air as the lubricating tncdium^he showed 
experimentally the detrimental effect of rotation on the load 
carrying capacity of a hydrostatic bearing. He did not obtain 
a good correlation between experimental and theoretical results, 
which must have been due partly to the absence of a radial inertia 
term in the basic theory, which would have modified considerably 
the predicted dimensionless pressure in the vicinity of the 
central inlet.
i
Ting and Mayer (13) considered the effects of the lubricant 
rotational inertia and the temperature on the performance of para ­
llel stepped hydrostatic thrust bearings. They obtained 
expressions for pressure and temperature distributions and load 
carrying capacities appertaining to adiabatic flow conditions.
They obtained satisfactory correlation between the experimental 
results obtained by Coombs and Dowson and their own theoretical 
results, especially when the speed of rotation was high. In 
common with Dowson1s work, their theoretical analysis did not 
include a radial inertia terra, therefore for isothermal 
conditions they obtained the same differential equation for 
the pressure distribution. By introducing an exponential 
viscosity-temperature relation, and assuming that the bearing 
surfaces were perfect insulators, adiabatic solutions were
2 0
obtained. Ting and Mayer made the important observation that 
the adiabatic analysis should not be applied to bearings with 
extremely small film thicknesses because, under these conditions, 
the assumption that the lubricant will carry away most of the 
heat generated is not true.
21
CHAPTER 2 APPARATUS
2.01 DESIGN REQUIREMENTS OF TEST EQUIPMENT
There were no parts previously manufactured that could be used 
for the test rigf so the design was not limited, or assisted, by 
existing components.
It was decided to base the design on the following:
(a) No attempt would be made to measure directly the axial 
thrust created by the air flow through the thrust bearing; in ­
stead the gap width would be adjusted to a predetermined size, 
and the resulting pressure distribution, measured by a multi ­
tube manometer, used as a measure of the axial thrust.
(b) The air flow, suitably filtered, would be supplied from 
the compressed air mains. The amount of air used would compare 
with that used in an actual air bearing, i.e. the air consumption 
would be as small as possible so that the power required to supply 
the air was the minimum. With air consumption in mind, it was 
decided to use a small inlet jet diameter, similar to that used
by Jackson and Symmons (7).
(c) Particular attention was to be paid to the method of supp ­
orting and adjusting the relative positions of the discs. The 
following were considered crucial:
i. rigid construction
ii. easy access to discs
iii. disc alignment to be simple but positive
iv. vibration transfer to be avoided
v. axial float, deflection and wobble to be reduced to a minimum.
2 2
vi. no axial thrust to be transmitted to the dynamic disc by 
the drive shaft,
vii. moving parts to be covered by guards which can easily be 
removed, to facilitate adjustment of discs.
2 •02 DESCRIPTION OF THE TEST EQUIPMENT
Plates of the air bearing are shown in FIGS 1, 2 & 3. The 
static disc was designed to move axially so that the air gap size 
could be changed. In addition to axial movement the static disc
could be tilted for a few degrees, at any angular position, so
that it could be accurately aligned with the dynamic disc. The 
dynamic disc had the same degree of movement as the static disc, 
but it was intended that once the dynamic disc was correctly 
positioned (see 2.04), any adjustment to the air gap size would 
be made by -moving the static disc only.
The drive shaft was supported by a roller bearing and angular 
contact bearings. Axial movement of the bearing drive shaft was 
prevented by pre-loading it axially by means of a compression 
spring acting against a single row ball thrust bearing. The 
weight of the drive shaft and the dynamic disc was supported by 
means of a lathe-type steady. The drive shaft was driven by
means of a d.c. motor, 2 h.p. A bearing speed of 4000 rev/min was
obtained via a vee belt drive. A flexible coupling, designed to 
transmit axial torque only, was used to connect the drive from 
the motor to the bearing drive shaft. The speed of the bearing 
drive shaft was measured using a tachogenerator (SERVOTECH 
PRODUCTS TYPE SA 740A/7) connected to a digital voltmeter. To 
adjust the speed of rotation a Variac was used. The motor drive
2 3
and the hydrostatic bearing assembly were each mounted on a 
separate stand, constructed from 2in x 2in x %in angle iron.
To measure the mass flow rate of the air passing through the 
bearing, an orifice plate was used. The orifice plate was 
designed to B.S.1042 Part 1, using D and ^ pressure tappings. 
Static pressure readings were taken on a multitube water-filled 
manometer. The pressure upstream of the orifice place was meas ­
ured with a mercury filled manometer. Clean, moisture free, 
air was obtained by a PURAIRE FILTER, NORGREN F41-321-AOTB. The 
mass flow rate of air was controlled by a pressure regulator 
NORGREN 11-918-100.
A NORGREN 10-way selection switch was used in conjunction with a 
pressure transducer (S.E. LABS (Eng.) Ltd. Series No.911 25in 
W.G.) to enable pressure measurements to be made on a U.V. 
recorder. The arrangement of instrumentation is shown in Fig.14.
2.03 MANUFACTURE OF THE TEST EQUIPMENT
Two discs each 190mm diameter, 30mm thick, made from free 
cutting stainless steel, were used to form the hydrostatic thrust 
bearing. A central jet 4.0 mm diameter was machined in the 
static disc and an array of static pressure tappings, each
0.64 mm diameter, were drilled at 1cm, 2cm, 3cm, 4cm, 5cm, 6cm, 
7cm and 8cm radius, so that four tappings were available for each 
radius as shewn in FIG.5. The discs were ground and lapped to a 
surface finish of less than four micro-inches, and were each 
tested for flatness using a grade one straight edge. A WADKIN, 
numerically controlled point-to-point drilling machine,
2 4
incorporating an AIRMEC autoset controller, using a punch tape, 
was used when machining the static pressure holes in the static 
disc.
Modifications to the test rig
Before * repeatable1 results could be obtained from the test rig 
two modifications were necessary to the original design. A 
stiffening plate was placed under the bearing housing, and 
additional supports were provided to strengthen the bracket 
which supports the static disc. These two modifications provided 
a more rigid structure, enabling a more accurate air gap width to 
be maintained.
2.04 TEST PROCEDURE
Before each series of tests it was necessary to adjust the 
dynamic disc to ensure that it would rotate without wobble i.e. 
rotate so that the active face of the disc was, for all angular 
positions, perpendicular to the axis of rotation. Adjustment of 
the dynamic disc was effected as follows:
(a) . The air gap was adjusted to approximately 0.001m, using a
feeler guage, and air was allowed to flow, at a low flow rate, 
through the hydrostatic bearing via the central inlet.
(b) One of the outer static pressure tapping points was 
connected to a 'sensitive1 manometer (FIG.11) and the air 
flow rate adjusted, so that a mid-scale reading was obtained 
on the manometer.
25
(c) The dynamic disc was then slowly rotated, by hand, and
any error in the initial setting of the disc was shown by a 
change in the manometer reading.
(d) An adjustment to the dynamic disc (FIG.12) was followed by 
reducing the size of the air gap to 0.0005m and testing as 
before.
The thickness of the air gap was adjusted by the aid of three
studs set in the static disc (FIG.6). These studs were adjusted
until the required parallel gap was obtained. It was originally
intended to use slip-blocks, measuring the distance between
anvils set in the static and dynamic discs, to determine the
size of the air gap, but later it was found that the use of a
feeler guage applied direct to the air gap enabled a more
•parallel1 gap to be obtained. The thickness of each feeler 
*
guage was tested using a Taylor Hobson Talymin Gauge as a compar ­
ator. The size of each gauge was compared with an Inspection 
grade slip block pile, and the error found to lie within the 
range ±1%.
Initially a stroboflash was used to calibrate the voltage output 
from the tachogenerator, but later greater accuracy was obtained 
by checking the voltage output of the tachogenerator with the aid 
of a synchronous motor. The voltage output was found to be 
2.5v per 1000 rev/min - as stated in the manufacturers specifi ­
cation. This value was used when drawing the calibration curve 
shown in FIG.15.
2
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FIG. 2 ■ STATIC AND DYNAMIC DISC A S S E M B L Y .
2
7
F IG .  3.  VIEW OF TEST RIG FROM DRIVE S I D E .
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C O N F IG U R A T IO N  O F  S T E P P E D  T H R U S T  B E A R I N G
CHAPTER 3 ANALYSTS
t
3.01 INERTIA EFFECTS IN FULLY DEVELOPED AXISYMMETRIC LAMINAR
FLOW
Navi.er Stokes equations in cylindrical co-ordinates for steady 
state flow:
V 3Vr + v 3Vr 
r 3r z Sz
Yai = -I + iL fj
r p 3r p |_
3 V
3z ^  + t z  i f  h  ( r V - ) }
+ i l  A  A  ,rV 1 +
3 3r *r 3r r 3z ^
v  ^  + v  ! a + v . M a ^ + 2 | I i ( r v ) i '  
r 3r r r z Bz p [_3z 3r *r 3r 0
v  avz.  + v.  ^  
r 3r z 3z
=-I 2E  + H TlfVz. + 1 A
p 3z p L_3zz r 3r ^ 3r '
+ 1 1  A  A  (rV ) + £¥z. }~3 3z tr 9r lrv-r; a* J3z
Continuity equation in cylindrical co-ordinates
( pr vr ) + |  A  ( pve) + £  ( pvz ) = 0
When a gas is being used as the lubricating medium, the effect of 
compressibility should be considered. The relevance of the 
compressibility term in the full Navier Stokes equation, for the 
series of tests undertaken in this project, has been examined 
in Chapter 4, and found to be small enough to justify the 
assumption of incompressible flow.
4 4
Dowson (10) obtained a solution for the pressure distribution in a 
hydrostatic thrust bearing which included all but one of the 
predominant inertia terms, and was applicable to the case of 
rotating boundaries. Beginning with the Navier-Stokes equations 
of motion for an incompressible isoviscous fluid, neglecting body 
forces and allowing for axial symmetry, the equations in 
cylindrical co-ordinates takes the form:
The continuity equation for an incompressible fluid in cylindrical 
co-ordinates is:
For axial symmetry this reduces to:
1 3'(rVr) , 3VZ _ n
r 3r 3z
An alternative form of this equation is:
(1)
P
(3)
These equations can be nondimensionalized by making the 
following substitutions:
4 5
V = v' u 
r r v e = v ex
V = V'W 
z z
r =
r *D
z = z*2h P = P'Pi
where the representative quantities U, X, pt etc. are selected so 
that the primed variables are always £ 1. The equations now 
become:
|"2U2V 19Vr , WU V 1 3Vr 
P L"D- r 3 ^  + 2h 2 3i*
2X2 V(j2 
D r*
.2p ^  ^
D 8r^ D
:32Vv . 1 SVv-1
-rF +3r ' * ' r 1 3 r r
+ (0)2 afVjL - v £ l
4h 3z r  i J
 ^ [~2UX V J  3Vp)! , WX V J  3Ve' ^ 2UX Vr' Ve’
P I D 3r ' 2h Z 3V D r '
u z
4yX
D 2
92Vel
3rrr
(4)
1 3Ve' . , D . 2 32Vr Vfl'f
r ' 3 # "  + (4h} 3 ^  F ^ J
p2UW V 1 3VJ ^ W 2 V 1 3VZ' 
p (“ D" r 3 # ~  + 2h 2 I ? "
.EL £ e !L +
2h 3z' D2
32V z* + 1 3VZ'
Sr1'2- r 3rv
+ ■ (Jl)2 H zL'
4h ITz1^
2U 1 vr* V  V + 
I T  r  1 1 ~ 3 F H  +
JL 8V*' =  o
2h 3z' (5)
The primed quantities are all of the same order of magnitude, and 
if only the predominant viscous terms are retained, the 
equations of motion are:
R
n
v  ' +
r dr1
V  1 _ fX )2 V fl'2
4hU z 3z' VU ; r 1
WD
R
n
v . v •
r 3r' 4hU z 3z'
3V01 + Vr Ve*
s 2p* (2h) 2 IpL + SlVrl
yUD 3f
3 2 V 0'
3z
R
n
V , 3VZ' , WD 3VZ' 
r 3r* ' 4hU 3zf
_2pih 3pf 32V zf
yW 3?™ 3:
(6 )
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Where the Reynolds number R = — (~0 2hU 
J n y D
With oil as the lubricant in mind, Dowson argued that the rep­
resentative radial velocity U would be small, and since h << ^
the Reynolds number Rn would be considerably less than 1. Also
W 4h
since — = 0 (— ) from equation (5) all the inertia terms in the 
second and third equations of motion can be neglected. Similarly, 
two inertia terms in the first equation of motion were
discounted, and the following equations obtained:
pVQV = "_2E , „p Vr 
r 9r *azz
0 =- 9z + V
9 2 V ' 
9p~
(7)
If air is to be used as the lubricating medium then the first of 
equations (7) can be extended to include an additional inertia
9V
term. pVr will be significant when is large and r is small
i.e. in the vicinity of the air inlet. From the continuity
9Vr -V, 3VZ
equation,Vr can be written in the form — ^ -- Vr an(^
— V  2
these two terms — will be the most significant. If the radial 
-oV^2inertia term is included in the first equation of motion,
the revised three equations of motion become:
_pVr _ PV0 
r r
o = -IE + ,,i!Vz
•'i r~, r. „ Zo Z d Z
-IE +
9r M^ z ^
(8)
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The ‘second of equations (8) can be integrated directly, and with 
the boundary conditions z = - h . V fi = 0, z =■ +h V fi = fir we obtain
(9)
_  than
If . the volume flow rate is constant, -Thci* the mean velocity 
_  Q
4TTrh
Let V _ Q
r 47rrh ( 10 )
If the third of equations (8) is integrated twice with respect to 
z, the successive equations obtained are:
(11)
and /pdz = yV + Az + B 
. z
(11A)
where A and B are functions' of r only.
The mean pressure p across the air gap (2h) = _1_2h
h
pdz
from equation (11A)
-h
pdz = 2Ah (since V = 0  when z = ±h)
A = 2h
h
-h
pdz = p
combining the above relationship between A and p in equation (11)
p p (12)
4 8
From equation (12) it will be seen that the pressure at any 
point, at a particular radius, in the air gap, will differ from 
the mean pressure by an amount which is dependent upon the local 
axial velocity gradient.
If the result expressed in equation (9) is introduced into the
first of equations (8) and the expression for p in equation (12) is
used to eliminate we find,3r' '
Bp _ pQ2 pP2r ,z2 2z .. fB2vr B2V 7.
3F ” 16rr r dh2 + ~  (h^ + IT + 1} + y ( ( 1 3 )
INERTIA TERMS VISCOUS TERMS
The second viscous term in equation (13) can be re-written in 
terms of V and r from equation (2 ) to give,
Bp - PQ2 , pft2r ,z2 2z n. [~32V r , _3_ rl JL fr-v  ^\
3r 16ir2r bh 2 T 4 (hT h * _ [JiT2”  Br *r 3r ( r*
INERTIA TERMS VISCOUS TERMS
when the two viscous terms are non-dimensionalised they become: 
^W T r"2' and IP "^3? ” (r'vr' ) } respectively, the first viscous
term is ( ^ ) 2 times the second viscous term, and since D >> 4h, 
the second viscous term may be neglected, so that equation (14) 
becomes
Bp PQ , pft r ,z , 2z , ,, , 3 Vr
— k— Ttrr + —  (irr + -t— + 1) + \i-rr~7JL (15)3r 16iT^rdh z 4 h z h K3zz
(14)
integrating equation (15) twice with respect to z, and re ­
arranging
4 9
V r  -  &  S ?  -  ^  < W  -  & +  $  ♦  C .  ♦  0  ( 1 6 )
introducing the boundary conditions z = -hf Vr = O and z = +h,
V = 0 we find 
r
^ p£32rh j ^ h2 3p , pO2 , 7 pfi2rh2
C = and D = + To —12y 2y 3r 32Trzr dy 48 y
The volume rate of flow, of lubricant, through the bearing can 
be evaluated from the integral
+h
Q = 2irr | V^dz 
-h
„,no« 0 . 2„  [_|s; 1 1 „ ■ *  M W -
fro» above |f - -fifjr * 11,1
*
combining equations (16) and (17) equation (16) becomes
\T -  1 / „2  u 2 w PQ2 , 3prft2 __ 3yQ , PQ2 ,z2 „ ^
r 2y (z ~ h } (167rzr “h 2' 10 4-rrrh^ 32'ir2r ;th 2y }
pft2 ^z4 , z 3 , z 2 n , 7pft2rh2 pft2rhz ,1QN
“  ~ T  (12iPr  +  3 h  +  T } +  48 y  + . 1 2 U ( 1 8 )
integrating (17) with respect to r and introducing the boundary 
conditions p = 0 at r = r 2 we obtain:
“  _  3yQ , , r 2 v PQ2 ,1  ... 1 % 3 p f i 2 , 2 2 * n q )
p - ge (~ ) j n F W  ^  ft20 "^o" (r2 r > (19)
writing the above equation in dimensionless form, where 
p  =  i r h 3 P  a n f q p  =  L
yQ h
P = i  l o q  (2^-) -  -2^ 2-   ) -  3 i rh ° p f l 2 2 _ R 2 \ ( 2 0 )
4 ^ e  ' r  3 2 7rh y  R2 2} 20yQ  (Rz R ; ;
5 0
A further series of equations, giving values of p, P, Vz and 
can be obtained by assuming that the radial velocity has a 
parabolic distribution based on the 'creeping; f.low’ solution. 
In this case:
Vr = W F T  (h2 - z2) (21)
from equations (9) and (21) , also substituting for the firstdr dr
of equations (8) becomes
|!Vr = I |£ - 9Q2P b „ (h- - 2h 2 z2 + a") ~ ( K  + %  + 1)
Bzz y 3r 64Tr*-hbr dy ' 4y h ■ h
integrating twice with respect to z, and re-arranging
„ _ z2 Bp 9Q2p ,hl*z2 _ h2zu z6*
r 2y Br 64Tr2h br yy [ 2 6 30;
fi2rp ,zk , z3 , z2» , _ . _
4y (l 2h7' + 3h + 2 J ClZ °2 (22)
introducing the boundary conditions z = -hf = O and z = +h, 
Vr = O we find
n ft2rh _ -h2 Bp ,9Q2 11, , ,Q2rp llh2vCi = pyr^ — - and C2 = —  rf- + 7 7-T r E— 3—  x ^7chb) + (— — - x )12y z 2y Br 64tt h r y 30 4y 12
fi2rh2
12y
The volume rate of flow, of lubricant, through the bearing can be 
evaluated from the integral
+h
Q = 2iTr j  Vrdz 
-h
hence Q = 2irr ^ 3y Br 140irzr y 5y
Si
from the above -1^dr
3 yQ , 27 pQ2 ; 3 p ^ 2 r
4urh3 2807T^r dh 2 10 (23)
integrating equation (23) with respect to r and introducing the 
boundary condition p = 0 at r = r2 we obtain
3yQ t ,r2v
p = w  log- ( ~ )
27pQ2 
560tt 2h 2 r 2
3 pft ‘ 
20 (r2 2 - r 2) (24)
writing the above equation in dimensionless form, where 
_ ,rrh3p
P = ~ Q  m d E  = h
P — - loa (R2) — \ — 37rh5p^2 2 _ „2\ (°5>
P 4 i0ge R 560¥Hy R^r) 20yQ U a  R } Ub)
+  h
from equation (2) -- ^ ---dz = 0 (since V„ = 0 when z = ±h)J_h r dr . z
integrating with respect to z and introducing the boundary
conditions z = -h, V = 0, z = Ih, V = 0/ we obtain:Z z
2hl A  (r IE) + 9Q2PhL 
3yr 3r 3r TOr^r y
2ft2rph3
5y
= 0 (26)
3p _ 27Q p 3pr£lfrom the above equation (2 6) — nrr + —  +
^ 3r 280Tr^rdh^ 10 (27)
(from equation (24) it can be shown that C = - ^ 3-)
by combining equations (22) and (27) equation (22) becomes
1 /-,2 U 2 \ / 3yQ . 27pQ‘Vr - ^  <z< - h ’) H +4rrrhd "r 280?rzr ^ h2 + 10 1 6 4irzh br 3y
3'pQ'2r» 902p
) -
rh^z2 h 2zu . z6 llh6* ft3rp ,zh . z3 . z2 hz
30 30
( — ----------rj- +  —   +
4y 12h^ 3h
iiHl + hi.) 
12 3 } (28)
5 2
AXIAL VELOCITY
From equations (2) and (28) equation (2) can be written in the 
form
aVg _ 1 /_2 _ b 2% JL zr.i£x 9Q2p Vh-'z2 _ h 2z*» , llh6'
3z 2yr v ' 3r 1 3r; 32irzh br liy ^ 2  6 T 30 '
, fi2p , zh z 3 . z2 hz llh2 h 2»
2y 3h 2 " 3 " 12 3
replacing (r|£) in the above equation by
av7. = _ 1 /„ 2 _ b 2 \ / 27Q2 p 3 pft2r ^ _ 9 Q 2 p
O r-y h ) ( 1 / /On- 2 „ ^ I- 2 t C )3z 2yr 140tt r h 5 32iT^hbr ty
,hhz2 h 2z V  , llh6N , ft2p ,zk , z 3 , z2 hz llh2 , h 2N ,OQ7^
I 7i  “ --7  + — oT^ r) + o",. " VTnTuT + ov~ + ”7T ~ T~ ~ — To '* “o' {ZOt\)2 6 30 2y 12h 3h 2 3 12 2
Integrating equation (28A) with respect to z and substituting
the end conditions V = 0  when z = h. V = 0  when z = - h f it can be
z r z r
shown that
v  = 1 -  v,2 r \ / 27 Q 2p , 3p^2r . _ 9Q2p
rr Oli-V. ' O h Z ) ( 1 /I /"wZ Ct U 2 t C ' TOnriiv, b„Hz 2yr 3 140ir r'h 5 32tt h°r y
,h**z3 h 2z 5 z7 llh6Zv . ft2p ,z5 , z1* z 3
6 " 30 210 " 30 ; 2y ^ O h 2- ' 12h 6
ifi - Z g i  * |i, (29,
3*02 SOLUTION FOR THE STEPPED PARALLEL SURFACE HYDROSTATIC
THRUST BEARING
The configuration of the hydrostatic thrust bearing is shown in 
FIG.18. By integrating equation (27) with respect to r
5 3
-27Q p , 3pr Q , „ ^
p = 2 2 " o?;—  + C log r + D
* 5607r^r h 20
the above expression can be used to predict the pressure 
distribution on either side of the step
Let P = it s p i h i r e ' + -P§5~'' + C > lo3er + D ‘ r 3 5 r 5 r : (30)
*“ a p “ i V S W *  + l£f5°- + °2 lo9er + ° 2 r2 ^ r £ r 3 (31)
For the boundary conditions let p = pi at radius ri and p = 0 when 
r = r2. The additional conditions needed to determine C 2, C2 , Dj 
and D 2 are obtained from the requirements of flow and pressure 
continuity at the step. The expressions obtained are,
Pi
C, =
(a3 - 1) log (RD3) + log^ (RD1)
(32)
C2 =
P  i  o r
a z (RDT)" (RD3)zk v r  &  - !) - 1} “ K" C(RDl)2- 1)
(a3 - 1) loge (RD3) + loge (RD1)
Di =
P* + a J r y ^ F  " -
pi i°ger i'
1 + K 1{a , (R15l), ” 4  - U  - k2 ((rdi)2 - 1)(RD3)
(a3 - 1) log (RD3) + log (RD1) 
e e
D2 = P! (Kx -  K 2) -
I 1 + ~ - V  ~ K* ( (RD1) 2-Pi o r  log .r^---------- - -- ------ ------ -------------------------------
(a 1) loge (RD3) + loge (RD1)
5 4
560tt h pir2where K r = 2^z-, ^ --2 r K 2 = z RDl = (§L ) and RD3 = £f)r2 r2
The lubricant flow rate through the bearing can be found by solving
the quadratic equation formed by combining equation (32) with the
relation Ci = — >-^ §-3— 3- A 47rhda
. - 3 UQthus . . 3w 3 = 4 nh  a
Pi 1 +
27pQ2________rr2 *________,r2.2 ,l _ 3pfl2r 2 2 f ,r 1. 2_ -.i
5607r2hzPir2z ^ (ar 1)2 r 3 cT2"  * 20pi  ^ r 2 \
(a 3 - 1) log (“ •) + log^ (--)-ri
e r 2 e r2
giving the final solution
81y7Tr2 [(a3 - l)loge (§*-.) + l°ge (-i-)]
2240ha"3~p r/r2 \ 2_ ,3:3\ 2 ,1
1~ my-* i 2ar 1 a' i) - g
J f S l ^ r ;2 Q “ 3 - D l ° g e (l 7 ) + loge (fffi
2240ha *p r,r2  ^*-(L±) 2 (A
L(ar 1 r 2 a
27Tr2h 2pirz 2 [l - { (£1) 2- 1}]1
- 1) - i]
140p  F (—— ) 2 -  (— J 2 ^  -  1 ) -  1]K L ari r2 a J
(33)
thus for a particular pressure pi at radius ri. there could, 
theoretically, be two values of flow rate Q, one of which may be 
negative or zero.
The above theoretical relationship between Q, pi and ri etc has 
been shown graphically in FIGS. 53 - 58 inclusive.
These graphs have been used to provide the value of the theoretical 
static pressure at the datum radius ri in the solution of
e q u a t i o n s  ( 3 0 ) a n d  ( 3 1 ) .
A  c o m p u t e r  p r i n t  o u t  o f  r e s u l t s  a s s o c i a t e d  w i t h  e q u a t i o n  ( 3 3 ) i s  
g i v e n  i n  A p p e n d i x  ( 4 ) .
3 . 0 3  T H E O R E T I C A L  T H R U S T  -  C a l c u l a t e d  f r o m  t h e o r e t i c a l
p r e s s u r e  d i s t r i b u t i o n
5 5
4-u 4. 4. • - -27Q2 p
t h e  s t a t i c  p r e s s u r e  p  =  ^ Q ^ r ^ ' a 2" +
2 n 2
3 p r  f t  
20
+ Cilog^r + Di ( r 3  >  r  >  r i )
a n d  p  =
2 n 2
- 2 1 Q  p  3 p r  f t
5 6 0 'rr2 r 2 h z  2 0
+  C z l o g ^ r  +  D 2
T H R U S T  ( F )  ’ =  i r r !  2 p i  +  2 tt
r 3
.1-2
p r d r  +  2 tt
ri
p r d r
r 3
( r 2  r  £  r 3 )
_  2 ~  0  j~“ 2 7 Q 2  p  / i 3 » , 3 f t 2  / b  4  \F = i r r Fp,  + 2i r^ 8y Z§ Z5gl oge (?a-) + w ( r 3 - r ,  )-  
' +  c i ( 2 1 o g  r 3  -  1 ) -  — - ( 2 1 o g  r i  -  1 ) } +  ^ - ( r 3 2 -  r i 2 )
“  M o ' i f ^ h 7 'l o g e  ( ? 7 ) +  ^ k i r 2 " ~  +  c 2 { E 4 - ( 2 1 o 9 e . r 2  "  1 )
r 3
( 2 i o g  r 3  -  1 ) }  +  % - ( r 2 2 -  r 3 2 ) (34)
A  c o m p u t e r  p r i n t  o u t  e m p l o y i n g  t h i s  e q u a t i o n  i s  s h o w n  i n  
A p p e n d i x  ( 2 ) .
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3.04 EXPERIMENTAL' THRUST - Calculated from the experimental 
pressure distribution
The value of the 'experimental* thrust has been calculated by 
using Simpson's Rule to evaluate the integral 2tt pr dr, where the 
static pressure value p is determined experimentally. The 
co-ordinates used when applying Simpson's rule are shown in FIG. (19) 
•The pressures PB, PC etc are in inches of H20.
B — the element width is 0.0095m.
The experimental thrust (THE) has been calculated from the equation:
THE = 2tt 249.1 x B x {2 ((PC x RC) + (PE x RE) + (PG x RG)
+ (PJ x RJ)) + 4.0((PB x RB) + (PD x RD) X (PF x RF)
+ (PH x RH) X (PK x RK) 1 Newtons>i] (35)
A computer print-out employing this equation is shown in Appendix 
(2).
5 7
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CHAPTER 4 ' COMPRESSIBILITY
4.01 THE RELEVANCE OF THE COMPRESSIBILITY TERM IN ANALYSING
THE PERFORMANCE OF A HYDROSTATIC THRUST BEARING
The Navier Stokes equations (1) used in the earlier analysis
(CHAPTER 3) omitted the compressibility terms, which in the r
direction takes the form — (? + -i - Y^) the omission of3 <3r r 3r r '
this term is justified if the fluid flow is radial, and the 
density of the lubricant constant. Under these conditions the 
continuity equation takes the form = 0 which when
J\ 2 TT T ■ T\ TT TT
differentiated with respect to r becomes -t-y1  + — ~C- - —£ = 0 ,
* 3rz r 3r r 2 '
hence the compressibility term = 0. If the fluid is assumed to
have axial as well as radial flow then the continuity equation
9^ 7 v 3V
takes the form -?r— -^ + —  + 2- = 0 if this equation is non-dr r dz
3Vdimensionalised, it can be shown that the omission of — 2- is
d Z
justified if is >> 1 .
Hobson and Lawrie (8) considered the effect of inertia and
compressibility in an externally pressurised gas lubrication thrust
bearing, assuming the flow to be isothermal.
Starting with the Navier Stokes equation in the form
Pv iYr = _3e + + I £Yr - Yc) + u(iivc -+ i iYr - Yr + iffe
p r 3r 3r 3 ^ 3 7 ^  r 3r r*} y ^ dr2- r 3r r^ air /
INERTIA PRESSURE COMPRESSIBILITY VISCOUS
and using the transverse velocity profile in parabolic form
Vr = I f e i F  (h* - z2>
5 9
by differentiating with respect to r they obtained:
= - c  (h 2 - z 2) (—— v + -b 3r [ pr^ p r  3r; '
l ^ ^ c m 2 - z2) ] - ^  + - 2  
3r ]_Pr
s p  +  _ 3 _ f 8 P ^ 2
p zr^  3r p^r 3r
■ -i' 'if?!
p 2^  aP*j
ana afVr = -2C
3z pr
where p is replaced by ^  and C = and is constant for iso*3mRT
8 i T h '
thermal flow and a given film thickness and mass flow rate. When 
the above is substituted in the full Navier Stokes equation the 
following differential equation is obtained:
(h2 - z 2)2 (rrr + ^rr-.l§) = -§£ + ^ ( h 2 - z2)3tflC »2 2 \ 2 / 187rh3 Z pr3 ^ p ^ P  ;3r
t -
1 IE + 2 Sjd 2 1_ 8^'
r 3r p r  3r p r  3r_
+
y c T ( h 2+ z2) (— r^-r 4^ + —i— (4^ ") L  p r 3r p r 3r
•p r 3r‘ prj
integrating this equation over the film thickness, 2h, and 
substituting for C the following differential equation is obtained:
•3m2R T , 1 1 3px = ju VnnRTl" 1 3p 2_ f 3p_2___ 1 (i!P\
407r2h pr3 p 2r 3 3r 3r ‘ 12tr _pzr* 3r pPr 3r p^: 3r
INERTIA PRESSURE COMPRESSIBILITY
umRT ^  |£ + 2 (DC)2 _ 3
4tt LpzrA 3r p 3r 3r p r 3rz h^pr_
VISCOUS
From their experimental radial pressure distribution, values of 
(■ |£)were determined graphically and then, in turn, plotted against 
the radius. The second partial derivative they estimated from the 
resulting curve. These results were substituted in the final 
differential equation and the relevance of the compressibility 
term determined, for different radii, from the ratio compressibility 
term/viscous term. For their series of tests they found this
— I*
ratio to be very small (less than 10 per cent).
A graph showing the relevance of the compressibility term for
two values of R , is shown in FIG.32. 
e
3m
If instead of the transverse velocity profile Vr =
we substitute equation (18) replacing p by ^  etc.
K 1
t(h2 - z2) ,
„ _ I f 2 /^2rt 3prfi2 3ymRT , m 2RT ,z2 _ , .
r 2y n ; 16TTzr^h2p 10RT " 4iThdrpj “ 32ir2r*py ;
prQ2 (Z1* z 3 z2, 7pft2rh2 pft2rhz
4yRT 12h2 3h 2 } 48yRT 12yRT
which has already been shown, allows for the rotational and 
radial inertia effects. The following equations are obtained for 
the compressibility and viscous terms (see Appendix 1 for the 
complete solution.)
•u-i-o. y r 2h3 rm2RT
compressibility term - ^ ”3^ 7™ 12 + IP _pr “ p 2r 4 3r
1 3 P ,
p 2r 3 dr*
r 3 p 3v3r( I ? ) +
3 3£
p 2r l+ dr^ +
3fi
10RT
3ytfiRT
TtFE3- pr‘ + p 2r 2 3r
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7h3 Q2 
24y&T + r^fil + -1[-2h3{A2RT ,3r 3r v rL 3y  ^16tt h I Pr
1 ; 3p 
p2r 3 3r^
3fl
10RT
ft*
p + r■ IE3r
, 3ymRT
+ . -v:"3—4Trh
i. i ap
pr p2r 3r^
i ft2 RT 
I + V*w2 1 . l£pr715" p 2r 3 3r
4yRT p + r
9p
3r
. . a .  ,  —  2 u 3
 h +30 24yRT
11,3 . 7ft h : p + r 3£3r
32tt y
2h3 fm2RT
s
4h
J r 3 J
3 y
+
3P2pr
167Tzhzr p 10RT
3yihRT_ 
4TThdrp>
rtizRTh _ H P zprhd , 7P2h 3pr 
247Tzyrdp 120yRT ^ 24yRT+
r  2h3 frfi2RTViscous term = y 12[pr
. 3 3p 1 32P ■ 2 r3p^ 2 ,
+ tnnnr + - ■ 3--r [ ovrj +
3 3p 
p 2^  3?J +
3P:
10RT
21e + rlig'
3r IE*
3ymRT
4iTh3
p 2r^ 3r pzr d 3r r p ^3r
? +2 + 1pr p zr z
3 £ ___ 1_  3^
3r p 2r 3r'
2 rlE)
rp^Sr'
3 3p 
3rJ
1 3plj _ ift2RT
p zr2 3r
4h
3
TIP. h2 i, 3
32?rzy
12
[pr
120yRT z3r r3rr
p zr 4 ^ 3r; ‘ r 3p J ^ 3r 
7h3.Q2
+ 24yRT 2H + r5123r I1J 2hr i 3u
fm 2RT 
*• 1 6 7 r 2 h 2 pr
3p
3r
+
3P'
10RT p + r
3p
3r
+
3ymRT
47rh'
1 , 1 IP
. P ?  p r  3r
tft2RT f 3 H 1 9P1 i 1^ n 2 fn + r 3fi] llh3 , 7fl2h 3 fD + r^ l32trzy pr4 p zr “ 3ry 3J 4yRT U T i. _3r
 ^ J 30 ' 24yRT p + 3r
} + 
}
2h ;
4 f -rTt 3y 16tt
fa2 RT 3P2pr 3ymRT
^h2r 3p 10RT 47rhdrp^
tfi2RTh _ H P 2prh3 , 
247rzyr3p 120yRT
7P2h 3pr i 2h
24yRT * y
rm 2RT 3prP
16irzr dh zp 10RT
2 _ 3yifiRT  ^ ~ 2
4Trh3rp
m zR T ______  2prP2h
8TTz r  dpyh 3yRT
The relevance of the compressibility term compared with the 
viscous term can be obtained from the ratio compressibility term/ 
viscous term.
Graphs showing the relevance of the compressibility term for
four different values of R are shown in FIGS. 33 and 34.
e
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4.02 THEORETICAL DETERMINATION OF PARTIAL’ DERIVATIVES
‘ p  a n d
• 9r
For a plain thrust bearing, i.e. one without a central recess, 
it has been shown (23) that
9 p  3yQ , 27pQ2
9r 4Trrhd 280iTzr 3h z
'3'p'fl r  
10 (23A)
If this equation is differentiated with respect to r, then,
32P _ 3yQ 81'p'Q
9rz 4Trr2h 3 2807TzrHh
+
3pft‘
10
These two equations were used to determine, theoretically, the
9~
values of and ■ *—?, enabling a check to be made on the dr; dr
graphically determined values shown in FIGS. 26-31 inclusive.
EXAMPLE 
Test No.19 
when r = 0.06m
|£ = -28770 N/m3
32P = 
9pr 391800 N/m'
(-28300 N/m3 graphically) 
(382000 N/m4 graphically)
Test No.20 
when r = 0.06m
9r
2
25890 N/m:
= 456500 N/m4
(-23500 N/m3 graphically)
(468000 N/m4 graphically)
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RADIAL POSITION OF MAXIMUM STATIC PRESSURE p
From equation (23A)
3p = -3yQ 27pQ2 , 3pft2r
3r irrrh3* ”280?7rThT 10
for p to be a maximum = 0 
^ 9r
3y0 _ 27pQ2 , 3 p ft 2 r
“  TnrhJ 2807rzr bh 2 10
multiplying both sides of the above equation by r
3yQr2 _ 27pQ2 3pft2r lf
4iThb 280'nr2Trz" 10
Let A = r2
, 3pft2A 2 3yQA 27pQ2 _then ----  + 2 8 ^ - ^  - 0
• & 2 -  5 y Q A  +  Q 2 =  n
2Trhd pftz 287rzh 2ftz
The solution for this quadratic equation, and hence the value of 
r from r = /A, for tests 19 and 20, is given in the computer print ­
out Appendix (3). The theoretical position of the p(max) for 
Tests 19 and 20 is shown in FIG.44.
Note: p(max) and P(max) will occur at the same radius for any
one test.
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CHAPTER 5 EXPERIMENTAL AND THEORETICAL- RESULTS
5.01 INTRODUCTION
The results of 36 tests were used to test the theories outlined in 
Chapter 3. 12 tests were used for each of the following:
(i) Plain thrust bearing (static)
(ii) Plain thrust bearing (static/dynamic)
(iii) Stepped thrust bearing (static/dynamic)
In each of the 36 tests the theoretical determination of the
dimensionless pressure distribution was calculated from equations
(30) and (31). The theoretical relation between p 1, r, and Q was
evaluated using equation (33). Equation (33) has been shown in
graphical form in FIGS.53-58 inclusive.
*
Graphs in dimensionless form, were used to show the change in
pressure as the air lubricant flows through the bearing. The
effect of a change in flow rate, Q, and gap thickness (2h), or
alternatively the dimensionless constant R = on the
■ e iryh
dimensionless pressure profile can be seen. The viscous flow
3 rline P - P2 = loge was included, where appropriate, so that 
its limitations for the design of thrust bearings could be seen.
In practice, thrust bearings would be operated with gap sizes 
which would be regulated by changing either the bearing load or the 
volume flow rate of the lubricant. The constant gap size (2h) 
used for this series of tests were, in general, larger than those 
used in practice, and this had the effect of producing extreme 
conditions regarding the radial inertia effect, particularly in 
the central area of the disc.
8 0
In the static tests, comparisons between experimental and
theoretical results were made to test the effect of the radial
inertia term responsible for the deviation of the
dimensionless pressure values from the viscous flow solution.
In the dynamic tests there were two inertia terms to be taken
into account, the radial inertia term — - and a rotational 
' r
inertia term -. Tests 13-24 inclusive show the relevance of 
r
these two effects.
The value of the experimental thrust was calculated by using
f r 2 _
Simpson's Rule to determine the value 2ir prdr. These thrust
r l
values were based on the static pressure readings from each of 
the 36 tests. The theoretical thrust values, for all tests were 
calculated from equation (34). Theoretical thrust values for 
Tests 1-24 inclusive are shown graphically in FIG.66.
Thrust values from FIG.66 were used in formulating equations 
(1') (21) (3') shown in FIG.67, these equations were then used
in predicting thrust values for flow rates in excess of those 
employed in Tests 1-24 inclusive, and are shown in FIG.68.
Theoretically the rotation term (r22 - r2 ) is independent of
gap size (2h) and flow rate Q. The magnitude of the rotational 
inertia term for the zero flow condition, at 4000 rev/min was 
examined experimentally. The effect of varying the gap size (2h) 
on the magnitude of the rotation term was investigated and the 
results are shown graphically in FIG.59.
Results from tests with a stepped bearing enabled equations (30) 
and (31) to be tested more rigorously than those obtained from 
the plain bearing tests. The theoretical analysis of the
81
stepped bearing was based on the assumption that the air would 
expand in two stages; the inner stage through a gap width 
(2ah) and the outer stage through a gap width (2h). FIGS. 47-52 
inclusive enable the theoretical and experimental results to be 
compared, and the two stage expansion is clearly evident.
5.02 STATIC CASE
FIGS. 35-40 inclusive record the experimental and theoretical 
results for tests 1-12 inclusive. In these tests three 
different gap widths were used 0.2mm, 0.25mm and 0.3mm. For 
each gap width four different air flow rates were employed.
The significance of the Reynolds number in predicting the
form of the dimensionless pressure distribution is readily
seen —  the smaller the Reynolds number, the smaller the
deviation from the Viscous flow line. A high Reynolds number is
therefore associated with a high value for the dimensionless radial
inertia term (jh~ - br~r) / which could be written in the5607rhy R^ R2
27 1 1
form 5gQRe (pT- ~ r “2*) * T^e 9raPhs shown in FIGS. 35-40 inclusive
are in dimensionless form, to enable comparisons to be made between
thrust bearings when different parameters are used. When actual
pressure values are required however, it is preferable to use
the radial inertia term in the form tttP-zttt z*) . See560ir^h rz r2 -
equation (24). The value of the dimensionless radial inertia term
is proportional to the Reynolds number, or but the value of the 
radial inertia term in dimensionalised form is proportional to
(2) 2. Therefore, for a given flow rate, if the gap width is
halved, the Reynolds number is doubled and the value of the 
radial inertia term, in dimensionalised form, is increased by a 
factor 4.
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The correlation between theoretical and experimental results
was not the same for each test, neither was it the same at
different radii for any one test. In general the lower the
Reynolds number the closer the correlation between experimental
and theoretical results. This can be seen by comparing FIG.35
with.FIG.37. For the higher Reynolds numbers, associated with
higher gap widths, the theoretical prediction of dimensionless
pressure compared with experimental results was higher for the
outer three-quarters of the disc, and lower for the inner
quarter of the disc, as shown in FIG.37-40 inclusive. The
significance of the accumulative effects of experimental error
_ dimensioned
in the theoretical prediction of ■d-imcns-ionlcaa pressure dis ­
tribution is considered in Chapter 6 .
The results of the thrust calculations based on equations 
(34) and . (35) are shown in Appendix (2). The percentage 
error, based on the relation:
■ theoretical thrust - experimental thrustpercentage error = ---------jt---- r-. =— ----------------
* • 3 theoretical thrust
ranges from 0.4% to 17%.
Theoretically, the higher the Reynolds number the greater the 
radius at which the maximum static pressure (p) occurs. (See
8 3
4.02). Experimentally it was shown that the radial position of 
the (p) maximum was different for each test. If Test No.2 
(Re = 78060) is compared with Test No.12 (R^ = 381500) the 
radial position of the (p) maximum was greater for test No.12 
than for Test No.2 - confirming the theoretical prediction for 
these two tests.
5.03 •STATIC/DYNAMIC CASE
The results from Test No.13-No.24 inclusive are shown in FIGS. 
41-46 inclusive. In these tests three different gap widths 
were used, 0.2mm, 0.25mm and 0.3mm. For each gap width two 
different air flow rates were employed. The dynamic tests 
were at 4000 rev/min. '
The equation for the theoretical dimensionless pressure 
distribution from Chapter 3 is:
P P — ^Inrr ) 27pQ / 1 _ 1 \ _. 3tT h pfi 2 _ p 2 \P - P2 - T loge (— ) - — — {-p (R2 R )
VISCOUS TERM RADIAL INERTIA ROTATIONAL INERTIA
TERM TERM
The radial and rotational inertia terms, when expressed in
dimensionalised form, become (~4 ~ ~ — z^-) and560tt h r r 2
- ~ - ( r 22 - r2) respectively. The form of the negative pressure 
distributions, due to both these terms, for Test No.13 and 
Test No.15 are shown in FIG.46A. This graph shows the relative 
importance of these two terms. In the centre of the disc i.e. 
when r is small, the radial term has its highest value. In one 
case (Test No.23) the negative pressure effect is large enough
8 4
to overcome the positive pressure effect due to the Viscous term, 
and a pocket of sub-atmosphere pressure is induced in the centre of 
the disc.
The negative pressure distribution due to the rotational term
also has its highest value in the centre of the disc, but the
uniform
distribution of negative pressure is more -even- than with the 
radial term. The correlation between experimental and theoretical 
results, for the dimensionless pressure distribution, followed a 
similar pattern to those in the static case. The distortion of the 
pressure distribution curve, due to the adverse effect of the 
rotational term, reduced the thrust on the bearing by 5N, which is 
13.5% of the maximum thrust generated. (Theoretically if the 
rotation speed were 40,000 rev/min the reduction in thrust would 
be 500N since the magnitude of the rotation term is proportional 
to ft2) .
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5.04 ' STEPPED BEARING
Results associated with experimental Tests 25-36 inclusive are
shown in graphical form in FIGS.47-52 inclusive. The effect of
the introduction of a step in the bearing was to extend the area
over which high pressure acted. At the same time however, in 
vicinity
the "VQcimity of the air inlet, pronounced fall-off in static 
•pressure could occur due to radial inertia effects.
Equations (30) and (31) were used to determine the dimensionless 
pressure distribution and equations (34) and (35) respectively to 
determine the theoretical and experimental thrusts. The percentage 
error in determining the bearing thrust varied from 3.3% in Test 33 
to 30% in Test 36. Theoretically the suction effect induced by a 
rotational speed of 4000 rev/min reduced the bearing thrust by 5N, 
for every test. The highest thrust recorded was for Tests 27 and 28. 
In Test 2 7 - (Re = 182 200/109 300) the theoretical and experimental 
thrusts were 38.2 and 36.8N respectively. In Test 28 the theore ­
tical and experimental thrusts were 33.2 and 32N respectively.
This represents a 13% reduction in thrust, due to a rotation speed 
of 4000 rev/min, for both experimental and theoretical results.
The logical reason for providing a step is to extend the area over 
which the high inlet pressure of the incoming air can act before it 
begins to escape through the narrower air gap. Increasing the size 
of the air gap, by the provision of a step and for a given flow 
rate, results in a decrease in the Reynolds number; thus the 
effect of radial inertia in decreasing the static pressure is 
reduced. However the size of step chosen for Tests 25-36 inclusive 
only partly reduces the radial inertia effect. This means that 
some decrease in pressure across the stepped portion of the disc
8 6
is unavoidable.
Where the Reynolds numbers are in excess of 200 000 (see Tests 
31-36), the correlation between the experimental and theoretical 
pressure profiles, for the stepped area of the disc, shows 
considerable variation, due to an overestimation of the value of 
the radial inertia term. This is consistent with the pressure 
distribution profile for Test 23 and 24 where the Reynolds number 
is 31140.
5.05 THE ZERO-FLOW CONDITION
To test the significance of the rotational inertia term, as
contained in equation (24), tests were carried out, in a plain
thrust bearing, with the dynamic disc rotating at 4000 rev/min. The
air inlet to the bearing was blocked so that a zero-flow condition
(Q = 0) existed. Under these conditions equation (24 ) is reduced
to p = -3pfi2 (r22 ~ r2) i.e. theoretically, a suction effect is 
20
produced which is independent of gap size. The instrumentation 
was arranged as shown in FIG.60. Tests at gap widths of 0.2mm, 
0.25mm, 0.3mm, 0.35mm, 0.4mm, and 0.45mm were run. Only when a 
gap width of 0.45mm was tried was there a noticeable change in the 
suction effect, where the theoretical value tends to overestimate 
the suction effect. The results are tabulated in FIG.59.
5.06 THE RADIAL VELOCITY, AXIAL VELOCITY AND THE PRESSURE
TERM
-------d Z— -
FIGS. 61-65 inclusive show how the magnitude of the theoretical
radial velocity, axial velocity and the pressure term p3Vz are
3z
influenced by h, Q f Q, r and z. The radial velocity components
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shown in FIG.61 were calculated from equation (28). The axial 
velocity components shown in FIG.62 and 63 were calculated from 
equation (29) . The pressure term components (y-^ -2-) shown in
a Z
FIG.64 and 65 were calculated by multiplying equation (28A) by 
y. These calculations are tabulated in Appendix 3.
The effect of rotation was to induce a flow in the axial direction
towards the dynamic disc while at the same time the profile of
the radial velocity curve was distorted so that its maximum value wa
nearer the dynamic disc than the static disc. The validity of
the graphs shown depend on the flow being laminar. To assist the
air to flow, without swirl, into the gap separating the static and
dynamic discs, a radius was machined at the exit from the air inl
port, but this could not be expected to eliminate turbulence
completely. Therefore the calculated values for V , V and
J. z
9Vy-^-2- for small values of r are 'ideal1 values only.
d Z *
The variation in pressure across the gap was very small. e.g. 
in Test 20 when z = 0 and r = 70mm (FIG. 64) y-^2- = 1.99 x 10” 3N/m2.
d Z
The value of p, at the same position in the air gap, was 545N/m2.
This justifies the interchange of by -|£, as in the theory
outlined in Chapter 1. (see the first of equations (8) and equation 
(15)).
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5 .07 BEARING THRUST AND BEARING PERFORMANCE
Curves of Reynolds number /Thrust shown in FIG. 66 were based on values 
tabulated in Appendix (2) . These graphs were replotted In dimensionless 
form,in FIG.67. The dimensionless thrust TD was obtained by multi ­
plying the thrust (T) by The straight line laws associated with
equations 1 1 2 1 and 3 1 (FIG. 67) were used to obtain the relationships 
between T and Q shown in FIG.68.
viz. consider Test No.7.
h = 0.125mm Q = 0.00213 m 3/s p = 1.24 kg/m3
y = 0.000018 Ns/m2 r2 = 95mm
from equation 2 1 Rp = -6.15 x 10 1 x TD + 100.35 x 101*
. PQ_ _ .6.15 X  K T -  X  T x r, + 3,. x 10,
'' irph ViQ
*
substituting values for p, Q etc in the above equation
37.4 x lO4 = -15200T + 100.35 x 104 
T = 41.4N
(Results given in Appendix 2 are 41.IN (Theory), 38.9N 
(Experiment)).
In determining the performance of thrust bearings two things should 
be considered: (a) the thrust that the bearings can support,
(b) the volume flow rate of the lubricant required. If the 
measure of performance is taken as the ratio Thrust/Volume flow 
rate per second, then the bearing giving the best performance 
will be one that has the smallest air gap with the smallest flow
8 9
rate. See FIGS. 69, 70 and 71.
When the gap and flow rate are small we have the paradoxical 
situation, where, if the volume of air flowing through a rotating 
bearing is increased, this could result in an improvement in 
performance. This is because, theoretically, the suction caused 
by the rotational inertia effect is independent of flow rate, 
so that as the flow rate increases the percentage reduction in 
thrust due to the rotational inertia effect decreases.
For the series of tests undertaken the performance of the stepped 
thrust bearings was not as good as that of the plain bearings, 
however, the stepped bearing is able to provide initial 'lift1 
to separate contacting surfaces immediately before the bearing is 
rotated. This is an important feature if wear is to be avoided 
in practice.
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CHAPTER 6 SUMMARY
6.01 ERRORS
The errors arising from this project can be classified into two 
groups; namely, errors in the physical measurements and errors in
the theoretical computations.
Errors in the physical measurements
If the axis of rotation of the dynamic disc is not parallel to 
the axis of generation of the static disc, then this misalighment 
can cause a vibration to be superimposed on the air passing 
through the bearing. A vibration of this type was detected by 
the pressure transducer during pressure measurements associated 
with the zero flow condition; but the variation in pressure 
produced was too small to have any significant effect on the 
static disc, therefore a major error, due to squeeze-film 
effects, can be discounted.
The volume flow rate, Q, was measured using an orifice plate whose 
design was based on BS 1042. From details given in Appendix D of 
this standard it was apparent that an error of ±1.3 per cent in 
the flow rate could be expected.
The setting of the distance between the discs, 2h, was subject 
to error from three sources (a) feeler gauge size, ±1% error,
(b) error in interpreting the ffeel! when setting the gap with 
the feeler gauges, ±1%, (c) alignment error, ±1% error. Giving
a total of ±3% error.
1 3 0
The speed of rotation of the dynamic disc was measured by means 
of a tachogenerator, the output of which was fed to a digital 
voltmeter. A speed tolerance of ±2% was estimated. The step in 
the stepped disc was set to an accuracy of ±1%. The static 
pressure p measured from the static disc tappings have an 
estimated tolerance of ±2%. The values of temperature, atmos­
pheric pressure, density and viscosity were recorded to an 
estimated tolerance of 0 .1%, 0 .1%, 0 .2% and 0 .2% respectively.
The tolerance on the radial positions of the static pressure 
tappings (set by a numerically controlled machine tool) was 
±0.1%. The outer diameter of the disc r2 was manufactured to 
very close limits. It will be assumed that the size attributed 
to r2 is correct.
'Accumulative' effect of errors' in physical measurements
Equation (24) is made up of three terms, if each term is considered 
separately, the possible error associated with each term can be 
calculated.
VISCOUS TERM
hence percentage error = ±10.3%
RADIAL INERTIA TERM
hence percentage error = ±8.9
I 31
ROTATIONAL INERTIA TERM
Let W = (r22 - r 2)
then = —  + 2^  - 2—W p - f i  r
hence percentage error - ±4.3
The above analysis suggests that in determining the value of the 
static pressure, theoretical predictions should correlate with 
experimental results to within ±10%.
Errors in the theoretical computations
The equations used for determining the static pressure in a 
thrust bearing at any radius, rely on the solution of a 
quadratic equation (33), by means of a computer program,
Appendix (4), to provide the necessary relationship between p 
and Q at the reference radii ri. The graphs (FIGS.53-58 
inclusive) show how p and Q are related, but these graphs were 
not relied on exclusively to provide an accurate forecast of p 
and Q values. To avoid errors due to interpolation, the computer 
program was used to predict values of Q for particular values of 
p to suit each particular test run.
So
The graphical determination of the partial derivatives •—  and
8 2 p
■ 5— 5- could be subject to considerable error particularly in the dr
vicinity of the air inlet —  where rapid changes in pressure take 
place, an error of 5% and 10% respectively will be assumed.
(see 4.02).
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Some of the theoretical and experimental curves obtained by Jackson 
& Symmons (7) and Shirman (12) for non-rotating hydrostatic bearings 
show the same general form as those found in this report. If the * 
graph associated with the Reynolds number 174800 (Jackson &
•Symmons (7) FIG.3 p.63) is compared with Test 5, FIG.37, both 
theoretical graphs overestimate the values of the dimensionless 
pressure for all but the inner quarter of the disc, where the 
dimensionless pressure is underestimated.
The curves associated with parallel circular plates "without a central 
recess (shown by Coombs and Dowson (11)) do not allow for radial 
inertia effects. This would appear to be justified if the flow 
rates employed were small. In their experimental tests Coombs 
and Dowson used a thrust bearing with an outside diameter of 5.25in 
(r2 = 66.7mm) with an oil supply hole 0.25in diameter. If we 
assume the following: 2h = 0.25mm, p = 900kg/m3, ft = 419rad/s
(4000 rev/min), y = 0.02Ns/m2 and Q = 0.00015m3/s, the relative 
magnitudes of the Viscous, Radial, and Rotational terms, when 
calculated from equation (24), are:
VISCOUS RADIAL ROTATIONAL
1 0.05 0.56 when r = 15mm
1 0.032 0.48 when r = 30mm
From these results it is clear that if Coomes and Dowson used the 
test conditions assumed above, the omission of the radial inertia 
term did not seriously affect their results.
6.02 DISCUSSION
1 3 3
If, however, air is the lubricant, its low absolute viscosity value
greatly reduces the value of the viscous term. The value of the
radial and rotational terms will also be reduced (because of the
air's lower density value), but not by the same magnitude as the
viscous term. This means that the radial term can be significant
(in relation to the viscous term) -particularly when Q and h are
large and r is small. The effect of omitting the radial inertia term
when calculating the value of dimensionless pressure is shown in 
FIG.43A.
The maximum theoretical thrust of 57.4N (12.81bf), recorded in 
Test 4, is small by practical standards, but if higher thrusts 
were obtained by reducing the size of the air gap, the effect of 
rotation, the main interest of this thesis, would be eclipsed by 
the resulting high value of the viscous flow term. The low thrust 
values are due to the fact that the pressure change across the disc 
was relatively small, and so it follows that the change in gas 
density, which is proportional to the absolute pressure, was too 
small to effect the accuracy of the theory based on incompressible 
flow.
The use of a pressure transducer, connected to a U.V. recorder, 
to measure the suction effect experienced during the zero flow 
condition, proved very effective. The U.V. recorder was used to 
record the high pressures experienced in Tests 1-36, but without 
success; the sensitivity of the recorder had been reduced to
such an extent to cope with the higher range in pressure----
that small pressure changes could not be measured accurately. The 
radial pressure distribution for Tests 1-36 was therefore measured 
using a water filled manometer.
1 3 4
6.03 CONCLUSIONS
It has been established both theoretically and experimentally that 
the faster a hydrostatic thrust bearing is rotated, the smaller the 
load it can sustain for fixed flow and gap width conditions. The • 
tests in which suction effects alone were considered were signifi- 
. cant in showing the non-dependence of the rotational inertia term on 
gap thickness and flow rate.
There has not been complete agreement between experimental results 
and theoretical predictions, this is due mainly to the accumulative 
effect of errors in the physical measurements discussed in (6.01) 
and partly to the inadequacy of the theory employed, to really 
predict how the air pressure changes as it passes through the
bearing particularly in the vicinity of the air inlet where
turbulence could exist. However since the theoretical results 
were tested under extreme conditions, sufficient accuracy exists 
for the designer to use these equations to include the effects of 
rotation on hydrostatic thrust pads.
6.04 FURTHER WORK
Modification to existing test rig
The principal error due to physical measurement was in the 
determination of the gap thickness (2h). This error would be 
reduced considerably if three pressure transducers were used 
(FIG.72), to monitor continuously the gap width. The three 
transducers could be connected via transducer converters to the 
same U.V. recorder and readings from each channel could be
! 3 5
recorded simultaneously on the same trace.
Design of new test rig
T h e .  p ro p o s e d  r ig  w o u ld  b e  
arranged. so that the dynamic disc rotates with its axis of
rotation in a vertical plane. The dynamic disc would be above
the static disc, supported only by the air which flows radially from
the centre of the two discs. The thrust provided by the escaping
air would always be equal to the weight of the dynamic disc. The
effect of rotation would be to reduce the size of the air gap.
The design could include:
(a) Very high speed rotation by the use of air jets, to inves­
tigate the effects of high shear rates on viscosity.
(b) Use of thermocouples, to measure changes in air temperature, 
to test the validity of isothermal theory.
(c) The use of pressure transducers to measure pressure, and 
changes in the air gap size.
(d) An electro-magnet positioned above the rotating disc which 
could be used to induce a pure squeeze film effect at any 
frequency.
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APPENDIX I COMPRESSIBILITY
Complete solution of compressibility and viscous terms outlined in 
(4.01).
From equation (18)
v = -L(72 - h 2w pQ2 . + 3r^ 2 - 3^Q, _ pQ2 , rz2 - -n
r 2 y i6TTzr shz 10 4irhdr 32iT2r dy h7*
prfi’2'^1* . z3 z2» 7pfi2rh2 pft2rhz
4y 3h 2 48y 12y
and from the perfect gas equation p = ^
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Differentiating with respect to r we obtain
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Differentiating again with respect to r we obtain
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Differentiating V twice with respect to z we obtain
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Substituting these equations in the compressibility term we 
obtain
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1  B2p 2____/3P\2 , 3___  Bp. 3ft2 ,03p 92PV 3yART,2_
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p 2r2 Br p zr "Br2" rp3 Br p zrz Br 32nzy prb" ‘ p zr 4 Br
2  _  1 ________ B 2 p  . 3 ^ _____  _ B p .  / Z 2  _  n  _  f i 2  _ / 9 B d  „ B ^ d ^ f z u
r 3p 3 Br p 2r 3 Br2 p 2r** Br h^ 4yRT Br “ Br 12h2
Zl + 2l) + 7n2h 2 ■  3p 3fp. azhz . 3p 32p , Iri_. 2 _ h2 .
3h 2 ■ 48yRT 3r 3r^J 12yRTl 3r 3r^) r i2p ( '
i-m 2RT . 3  _ 1 Bp. 3ft2 , Bp. _ 3ymRT , 1 _ 1 Bp. •»
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Integrating the above equation over the film thickness 2h between 
limits of z = h and z = -h giving a final equation
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Substituting for Vr , anc  ^ d~zz^ viscosity term we
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integrating the above equation over the film thickness 2h between 
limits of z = h and z = -h giving a final equation
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These equations have been used to calculate the ratio viscous 
term/compressibility term for Tests 13, 14, 19 and 20 (see 
Appendix 5).
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/ /  J O B  1 1 S 1 3  K L E M Z . F . / T H R U S T  B E A M I N G  I N N E R  *
*  J O B  1 9 7 0  
/ /  O P T I O N  L I N K  
/ /  E X E C  F O R T R A N
0 0 0 1  N J  B R = 0
0 0 0 2  1 R E A D ! 1 , 5 0 ) P P , H , 3 , S P E E , A L P H 4 , T E S T
0 0 0 3  5 0  F Q R M A T [ F 7 . 3 , F 7 . 6 , F 8 . 7 , F 5 . 1 , F 6 . 4 , F 4 .  1 )
0 0 0 4  W R I T E ( 3  y 3 0 0 )
0 0 0 5  3 0 0  F O R M A T { *  0 ' 6 X , *  P * , 8 X , *  H * , 1 I X , * Q 1 , 6 X , *  S P E E » ,  3 X  ,
* A L P H A  * j  3 X  » 1 T E S T  1 )
0 0 0 6  W R I T E ! 3 , 4 0 0 ) P P , H , 9 , S P E E , A L P H A , T E S T
0 0 0 7  4 0 0  F O R M A T { '  ' 3 X , F 8 . 1 , 2 K ,  = 8 . 6 , 2 X , F 9 . 7 , 2 X , F 5 . 1 , 2 X  ,
F 6 . 4 , 2 X , F 5 . 2 )
0 0 0 8  R 1 = 0 . 0 1
0 0 0 9  R 2 = 0 . 0 9 5
0 0 1 0  R 3  =  0 . 0  4  5
0 0 1 1  R D 1 = R 1 / R 2
0 0 1 2  R D 3 =  R 3 / R 2
0 0 1 3  P I = 3 . 1 4 1 5 9
0 0 1 4  V I S = 1 . 8 / 1 0 0 0 0 0 . 0
0 0 1 5  D E M = 1 . 2 4
0 0 1 6  D R 1 = ( R 3 - R 1 ) / 1 0 . 0
0 0 1 7  R = R 1
0 0 1 8  WR 1 TF: { 3  , 1 0 )
0 0 1 9  1 0  F O R M A T !  1 0  '  3 X , ' R » , 8 X ,  • R / H *  ,  8 X , • I P K 1 , 8 X , 1 I P D *  8 X ,
' I P R K  * , 6 X , *  I  P RO  1 )
0 0 2 . 0  F i  =  l . Q / (  { A L P H A * R D 1 ) * # 2 )
0 0 2 1  F 2 = ( 1 . 0 / ( A L P H A * * 2 ) ) - 1 . 0
0 0 2 2  F 3 = ( R D 1 * R D 1 ) - 1 . D
0 0 2 3  DM =  A L  3 G ( R 0 3 )  * ( { A L P  H A « * 3  ) -  1 . 0 )
0 0 2 4  B 4  =  DM +  A L  O 'G ( R D 1 )
0 0 2 5  F D l = - 3 . 0 * V I S * Q / (  4 . 0 » P I  «■  ( ( A L P H A * H ) * * 3 )  )
0 0 2 6  F D 2 = 3 . 0 * D E N * R 2 & R 2 * S ? E E * S P E E * ( 1 . 0 - (  R D 1 & R D 1 ) ) / 2 0 . 0
0 0 2  7  P P D = ( 1 . 0 - ( F D 2 / I F D 1 * B 4 ) ) > * F D 1 * B 4
0 0 2 8  C O 1 = 2 7 . 0 * D E N # Q * 3 / ( 5 5 O . O * P I # P I * H * H * P P * R 2 » R 2 )
0 0 2 9  C 0 2 = 3 . 9 * D E N * ( S P E E * * 2 ) « R 2 * R 2 / ( 2 0 . 0 * P P )
0 0 3 0  C D 2 = 3 . 0 * D E N * { S P E E * * 2 ) * R 2 * R 2 / { 2 0 . 0 * P P D )
0 0  3 1  C 1 = P P * ( 1 . 0 + C 0 1 *  ( F 1 - F 2 / !  R Q 3 « R D 3 ) - 1 . 0  ) - C 0 2 * F 3 )  / B 4
0 0 3 2  C 2 = C 1 * ( 4 L P H A * * 3 )
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0 0 3  3  D 1  =  P P * {  1 . 0  +  C 0 1 * F 1 - C 0  2 * R : ) 1 * R D 1 ) - C  1 * A L O G ( R 1 )
0 0 3 4  D 2 = P P * ( C 0 1 - C 0 2 ) - C 2 * A L 0 G ( R 2 )
0 0 3 5  2 D  R Z = R / R 2
0 0 3 6  B 1 = A L 0 G ( R Z ) + D M
0 0 3 7  Q 2 =  D M <-( ( R Z * R Z ) - ( R D 1 * R D 1 ) )
0 0 3 f t  B 3 = ( ( 1 . 0 - ( R D 1 * R D 1 )  ) * A L O G ( R Z ) ) - { (  1 . 0 ^ { R Z * R Z ) )
* A L 0 G ( R D 1 ) )
0 0 3 9  D K =  P I  -«• { H *  *  3 )  /  ( V I  S *  Q )
0 0 4 0  P R = - C 0 1 / ( ( R Z * A L P H A ) * * 2 ) + ( C Q 2 * R Z * R Z ) + ( C 1 »
( A L O G ( R ) ) / P P ) + ( 0 1 / P P )
0 0 4 1  P R I D = ( B 1 + C D 2 * ( B 2 + B 3 ) ) / B 4
0 0 4 2  DC  =  P I * H * H * H * P P / ( \ / I S * Q )
0 0 4 3  R F = D E N * Q / { P I * V I S * H * A L P H A )
0 0 4 4  C P K = P R * P P
0 0 4 5  C P D = P R I D * P P D
0 0 4 6  D P K = C P K *  DK
0 0 4 7  D P D = C P D * D K
C I P K  =  S T A T I C  P R E S S U R E  S E E  E Q U A T I O N  ( 3 0 )
C I  P D  = “ " S T A T I C  P R E S S U R E ,  R A D I A L  I N E R T I A  T E R M
N E G L E C T E D
C I P R D  =  I P D  I N  D I M E N S I O N L E S S  F O RM
C ' I P R K  =  I P K  I N  D I M E N S I O N L E S S  F O RM
C R F = D F N * Q / ( P I * V I S * H * A L P H A )
C Q=  C H E C K  ON  V O L U M E  F L OW  R A T E  B A S E D  ON  Q
=  Q K
C P P D = T H E Q R E T I C A L  P R E S S J R E  P A T  R A D I U S  = 1 C M  I F
R A D I A L  I N E R T I A  T E R M
C C l  S ' D l  _= C O N S T A N T S  D F  I N T E G R A T I O N
( S E E  E Q U A T I O N  3 0  )
0 0 4  8  HR  =  R / H  . . . . . . .
0 0 4 9  W R I T E ( 3 , 1 3 ) R , H R , C P K , C P D , D P K , D P D  _
0 0 5 0  1 3  F O R M A T ( 1 * I X , F 5 . 3 , 4 X , F 7 . 3 , 4 X , F 7 . 1 , 4 X , F 7  . 1 i
F 6 . 3 , 4 X f F 6 . 3 )
0 0 5 1  I F  ( R - R 3 )  2.1 , 2 2 , 2 2
0 0 5 2  2 1  R = R + D R 1
0 0 5 3  I F ( R - R 3 ) 2 0 , 2 2 , 2 2
0 0 5 4  2 2  W R I T E ( 3 , 3 0 )
0 0 5 5  3 0  F O R M A T ( *  0 « 6 X , ' C l  * , 1 9 X ,  ? D l * , 1 9 X ,  * Q • , 1 8 X , ’ P P D *
, I  8  X , 1 R E ’ )
0 0 5  6  Q:< =  - ( C l * 4 . 0 * P I * ( H * A L P H A ) t t * 3 ) / ( 3 . 0 * V I S )
0 0 5 7  W R I T F ( 3 , 1 1 ) C 1 , D l , Q K , P P D , RE
0 0 5 8  11 FORMAT ( 1 1 I X , E1 6 . 8 , 4 X , E 16.  8 , 4X , E 1 6 . 8 , 4 X , E 1 6 . 8 ,
4  X , E 1 6 . 8 )
0 0 5 9  I F ( N J 3 R - 3 6 ) 1 5 0 , 1 0 0 , 1 0 0
0 0 6 0  1 5 0  N U B R = N U B R + 1
0 0 6 1  I F ( NUBR- 3 6 ) 1 , 1 0 0 , 1 0 0
0 0 6 2  1 0 0  C O N T I N U E
0 0 6 3  E N D
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/ /  J G B  1 1 S 1 3  K L E M Z . F . / T H R U S T  B E A R I N G  C U T E R  *
*  J C B  1 1 4 5  
/ /  C P T I C N  L I N K  
/ /  E X E C  F C R T R A N
C C 0 1  N U B R = 0
C 0 0 2  1 R E A D ( 1 ,  l l ) P P f H , Q , S P E E , A L P H A , P B , P C , P C . P E » P F , P G T PH
0 0 0 3  1 1  F C R M A T ( F 7 . 0 , F 7 . 6 , F 8 . 7 , F 5 . 1 , F 6 . 4 , 7 F 5 . 2 )
C C 0 4  R E A D ( 1 , 1 3 ) P J , P K , T E S T
0 0 0 5  1 3  • F O R M A T ( 2 F 5 . 2  , F 4 . 1 )
C O 0 6  h R I T E ( 3 » 3 0 0 )
0 0  0 7  3  0 0  F O R M A T ( 1 0 * 6 X ,  ' P *  ,  9 X , ' H «  , 7 X , * Q*  , 7 X ,  • S P E E *  , 3 X ,
’ A L P H A * , 5 X , ' P B * , 4 X ,
/ *  P C *  , 6 X , ’ PD »  , 5 X , * P E * , 5 X , * P F *  T 5 X , ’ P G • , 5 X , » P H *  >
0 0 0 8  W R I T E ( 3 , 2 C 0 ) P P , H , Q , S P E E , A L P H A , P B , P C , P D , P E , P F , P G , P H
0 0 0 9  2 0 0  FORMAT ( * 1 I X f F 8 . 1 , 2 X , F 8 . 6 , 2 X , F 9 . 7 , 2 X , F 5 . 1 , 2 X , F 6 . 4 ,
7 ( 2 X » F 5 . 2 )  )
0 0 1 0  ' W R I T E ( 3 » 4 0 0 )
0 0 1 1  4 OC F O R M A T ( *  C * 4 X , * P J *  t 5 X ,  * P K * , 4 X , »  T E S T *  )
0 0 1 2  W R I T  G ( 3 , 2 1 0 ) P J , P K , T E S T
0 0 1 3  2 1 0  F O R M A T ( / 1 H  ,  2  ( 2 X  , F 5  .  2  ) , 2 X  ,  F 4  .  1 )
0 0 1 4  R 1 = 0 . 0 1
0 0 1 5  R 2  =  0 . 0 9 5
CO 1 6  R 3  = 0 . 0 4 5
0 0 1 7  R B = 0 . 0 0 9 5
0 0 1 8  R C = 0 . C 1 9
0 0 1 9  RD  =  0  .  0 2 8  5
0 0 2 0  RW = 0 . 0 3 8 0
0 0 2 1  R F = 0 . 0 4 7 5
0 0 2 2  R G = 0 . 0 5 7
C 0 2 3  R h = 0 . 0 6 6 5
C 0 2 4  R J = 0 . 0 7 6
0 0 2 5  R K = 0 . 0 8 5 5
0 0 2 6  B = C . C C 9 5
0 0 2 7  R D 1 = R 1 / R 2
0 0 2 8  R D 3 = R 3 / R 2
0 0 2 9  P I = 3 . 1 4 1 5 9
0 0 3 0  V I S = 1 . 8 / 1 C C C C 0 . 0
C 0 3 1  L5EN =  1 . 2 4
0 0 3 2  x D R 2 = ( R 2 - R 3 ) / 1 0 o 0
0 0 3 3  R = R 3
0 0 3 4  W R I T  E ( 3  » 1 4 )
0 0 3 5  1 4  F O R M A T  ( * 0  * 3 X  f * R * ,  8 X  ,  1 R . / H  * , 8 X  ,  1 OP  K * ,  8 X  » * CI PC  '  8 X  ,
' 0  PR  K * , 6 X , * C P R D * )
0 0 3 6  D C = P I * H * H * H * F P / ( V I S * Q )
0 0 3 7  , R E = D E N * Q / ( P I * V I S * H )
0 0 3 8  F 1 = 1 . Q / { ( A L P H A * R D 1 ) * * 2 )
0 0 3 9  F 2 = ( 1 . 0 / ( A L P H A * * 2 )  ) - 1 . 0
0 0 4 0  F 3 = ( R D 1 * R C 1 ) — 1 . 0
0 0 4 1  OM =  A L O G ( R D 3 ) * ( ( A L P H A * * 3 ) -  1 . 0  )
0 0 4 2  B 4 = 0 M + A L C G ( R D 1 )
0 0 4 3  F D 1  =  - 3 . 0 * V I S * G / ( 4 . 0 * P I * (  ( A L P H A * H ) * * 3 )  )
0 0 4 4  F 0 2 = 3 . 0 « D E N * K 2 * R 2 * S P E E * S P E E * ( 1 . C ~ ( R D 1 * R D 1 ) ) / 2 C . 0
0 0 4 5  P P C = ( 1 . 0 - ( F D 2 / ( F C 1 * B 4 >  ) ) * F D 1 * B 4
0 0 4 6  C 0 1  = 2 7  .  0 * D E N # Q * Q /  ( 5 6 0  . 0 * P  I * P  I  P * * R 2 * R 2  )
0 0 4  7 C C 2 = 3 * 0 * D F N*- ( S P E E * *  2 ) *  R 2 * R2 /  ( 2 0 . C *  P P )
C 0 4 8  C D 2  =  3 . C * C E . \ * (  S P E E * * - 2. ) * R 2 * R 2 /  ( 2 0 .  C * P P C  )
! 4 7
0 0 4 9  C 1 = P P * ( 1 . 0 + C 0 1 * ! F 1 - F 2 / ( R D 3 * R D 3 ) - 1 . 0 ) ~ C C 2 * F 3 ) / B 4
0 0 5 0  C 2 = C 1 * ! A L P H A * * 3 )
0 0 5 1 .  D 1 = P P * ( 1  . 0  + C 0 1 * F l - C 0 2 * R T n * R D l  ) - C  1 * A L C G  { R 1 )
0 0 5 2  D I = C l / 2 . 0
0 0 5 3  D 2 = P P * ( C 0 I - C G 2 ) - C 2 * A L 0 G ( R 2 )
0 0 5 4  G 1 = 2 7 . 0 * C * C * D E N / ( 5 6 0 . 0 * ( ( P I * H ) * * 2 ) )
0 0 5 5  G 2 = ( 3 . 0 * S P E E * * 2 ) / 8  0  • 0
C 0 5 6  2 4  R Z = R / R 2
0 0 5 7  B 1 =  A L 0  G ( R Z ) +  D M
0 0 5 8  B 2  =  D H * ( { R Z * R Z ) - { R D 1 * R D 1 )  )
0 0 5  9  B 3  =  ( ( 1 . 0 - ! R D 1 * R D 1 ) ) * A L 0 G ( R Z ) ) - ( ( 1 . 0 - ( R Z * R Z ) ) * A L 0 G ( R D 1 ) ) '
0 0 6 0  B 6 = ! A L P H A * * 3 ) * ( 1  . Q - ! R D 1 * R D 1 )  ) * A L C G ( R Z )
C 0 6 1  8 7 = ! { ! A L P H A * * 3 ) - 1 . C ) * A L 0 G ! R D 2 ) ) + A L C G ! R D l )
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8 2 . 2 9 1 5 - 0 . 0 0 0 0 3 7 5 - 0 . 1 0 4 4 E  0 0 7 4 . 3 8 5 3 9 1 . 2 6 6 3 7 8 . 4 7 2 6 - 0 . 4 6 0 5 7 9 6 9 E - 0 1
9 1 . 2 6 6 3 - 0 . 0 0 0 0 2 5 0 - 0 • 7 8 2 8 E - 0 1 7 8 . 4 7 2 5 9 6 . 9 3 0 9 8 0 . 9 2 4 8 —0 . 5 7 6 2 2 4 7 0 E - 0 1
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9 8 . 8 6 6 4 0 . 0 0 0 0 0 0 0 0 . 2 3 6 7 E - 0 6 8 1 . 7 4 2 1 9 6 . 9 3 0 7 8 0 . 9 2 4 8 —0 . 5 7 6 2 2 4 7 0 E - 0 1
9 6 . 9 3 0 7 0 . 0 0 0 0 1 2 5 0 . 4 1 8 8 E - 0 1 8 0 . 9 2 4 7 9 1 . 2 6 6 2 7 8 . 4 7 2 5 - 0 . 4 6 0 5 7 8 2 8 E - 0 1
9 1 . 2 6 6 2 0 . 0 0 0 0 2 5 0 0 . 7 8 2 8 E - 0 1 7 8 . 4 7 2 4 8 2 . 2 9 1 3 7 4 . 3 8 5 4 - 0 . 2 8 4 6 1 8 5 1 E - 0 1
8 2 . 2 9 1 3 0 . 0 0 0 0 3 7 5 0 . 1 0 4 4 E  0 0 7 4 . 3 8 5 3 7 0 . 6 7 5 0 6 8 . 6 6 3 5 - 0 . 7 2 4 2 0 4 2 6 E - 0 2
7 0 . 6 7 5 0 0 . 0 0 0 0 5 0 0 0 . 1 1 7 0 E  0 0 6 8 • 6 6 3 3 5 7 . 2 9 3 2 6 1 . 3 0 6 7 0 .  1 4 4 4 8 0 1 3  E - 0 1
5 7 . 2 9 3 2 0 . 0 0 0 0 6 2 5 0 . 1 1 4 4 E  0 0 6 1 . 3 0 6 5 4 3 . 1 6 3 7 5 2 . 3 1 5 0 0 .  3 2 9 2  6 0 6 0 E - 0 1
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2 9 . 3 9 3 2 0 . 0 0 0 0 8 7 5 0  • 7 0 3 1 E - 0 1 4 1 . 6 8 8 4 1 7 . 0 3 2 9 2 9 . 4 2 7 2 0 . 4 4 6 1 9 0 9 5 E - 0 1
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5 . 6 6 7 4 - 0 . 0 0 0 1 1 2 5 - 0 • 2 9 8 4 E - 0 3 6 . 2 1 2 4 1 0 . 9 7 7 6 1 1 . 7 7 0 9 0 . 1 1 4 2 2 6 5 5 E - 0 2
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2 0 . 3 4 0 6 - 0 . 0 0 0 0 7 5 0 - 0 . 2 5 0 0 E - 0 2 2 0 . 9 2 6 0 2 4 . 2 6 5 3 2 4 . 5 2 2 6 0 . 3 6 9 8 8 7 3 3 E - 0 3
2 4 . 2 6 5 8 - 0 . 0 0 0 0 6 2 5 - 0 . 2 9 2 6 E - 0 2 2 4 . 5 2 2 6 2 7 . 5 9 4 1 2 7 . 4 6 5 3 - 0 .  1 8 5 3 7 8 8 1 E - 0 3
2 7 . 5 9 4 1 - 0 . 0 0 0 0 5 0 0 - 0 . 2 9 9 4 E - 0 2 2 7 • 4 6 5 4 3 0 . 2 6 0 1 2 9 . 7 5 4 1 - 0 . 7 2 8 6 1 2 7 7 E - 0 3
3 0 . 2 6 0 1 - 0 . 0 0 0 0 3 7 5 - 0 . 2 6 7 4 E - 0 2 2 9 . 7 5 4 1 3 2 . 2 0 7 7 3 1 . 3 8 9 0 - 0 . 1 1 7 9 0 5 6 5 E - 0 2
3 2 . 2 0 7 7 - 0 . 0 0 0 0 2 5 0 - 0 . 2 0 0 4 E - 0 2 3 1 . 3 8 9 0 3 3 . 3 9 4 2 3 2 . 3 6 9 9 - 0 . 1 4 7 5 1 0 7 2 E - 0 2
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7 0 . 7 2 6 5 0 . 0 0 0 0 5 0 0 0 . 1 1 7 7 E  0 0 6 8 . 6 6 3 3
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STATEMENT OF ADVANCED COURSES OF STUDY ATTENDED
Three advanced courses of study were attended, at Sheffield 
Polytechnic, during the period in which the research was being 
carried out. These were:
(1) Instrumentation and Control.
(2) Course on Tribology: Lubrication Theories.
(3) Preparation of scientific programs in BASIC and FORTRAN IV 
for use on I.B.M.1130 and I.B.M. 370/135 digital computers.
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